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Aip1l destabilizes cofilin-saturated actin filaments by severing
and accelerating monomer dissociation from ends
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SUMMARY

Background—Depolymerization of actin filaments is vital for the morphogenesis of dynamic
cytoskeletal arrays and actin-dependent cell-motility. Cofilin is necessary for actin disassembly in
cells, and it severs filaments most efficiently at low cofilin to actin ratios, whereas higher
concentrations of cofilin suppress severing. However, the cofilin concentration in thymocytes is
too high to allow the severing of single actin filaments.

Results—We observed that filaments sever efficiently in thymus cytosol. We identified Aipl as
a critical factor responsible for the severing and destabilization of actin filaments even in the
presence of high amounts of cofilin. By FRET-based spectroscopy and single-filament imaging of
actin, we show that besides driving the rapid severing of cofilin-actin filaments, Aipl also
augments the monomer dissociation rate at both the barbed and pointed ends of actin. Our results
also demonstrate that Aipl does not cap the barbed ends of actin filaments, as was previously
thought.

Significance—Our results indicate that Aipl is a cofilin-dependent actin depolymerization
factor and not a barbed-end capping factor as was previously thought. Aipl inverts the rules of
cofilin-mediated actin disassembly such that increasing ratios of cofilin to actin now result in
filament destabilization through faster severing and accelerated monomer loss from barbed and
pointed ends. Aipl therefore offers a potential control point for disassembly mechanisms in cells
to switch from a regime of cofilin-saturation and stabilization to one that favors fast disassembly
and destabilization.

INTRODUCTION

The highly dynamic nature of the actin cytoskeleton in cells allows for the rapid cytoskeletal
reorganization that accompanies a variety of cellular processes such as cytokinesis,
endocytosis, and cell motility. The cell has an array of factors that execute the disassembly

© 2014 Elsevier Ltd. All rights reserved.

To whom correspondence should be addressed: William M. Brieher, Department of Cell & Developmental Biology, University of
Ilinois at Urbana-Champaign, B107 Chemical & Life Sciences Laboratory, 601 S Goodwin Avenue, Urbana, IL 61801, USA. Tel.:
(217) 333-3272; Fax: (217) 244-1648; wbrieher@illinois.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadkarni and Brieher

Page 2

of actin filaments at rates far greater than those achieved by actin alone in pure solution [1].
Cofilin is essential for cellular actin disassembly [2] and influences the morphogenesis of
filamentous arrays in several ways [reviewed in [3]]. In vitro, cofilin severs actin filaments
at low ratios of cofilin to actin [4], and this severing activity has been shown to be important
for cells [5-7] as severing creates more filament ends that can grow or shrink, and thus
increases filament dynamics.

Cofilin binds actin cooperatively [8, 9] and alters the configuration of actin protomers within
the filament [10]. Contiguous binding sites occupied with cofilin are stable, but lateral
interfaces between cofilin-occupied and unoccupied sites on actin are unstable and sever
[11, 12]. Interestingly, therefore, cofilin severs actin filaments most efficiently when
filaments are bound with an intermediate amount of cofilin. Severing is inefficient at higher
ratios of cofilin to actin and filaments are stable in saturating concentrations of cofilin [4].
Nevertheless, actin filament severing activity detected in vitro with pure cofilin alone cannot
account for the behavior of Listeria actin comet tails which disassemble faster with
increasing concentrations of cofilin [13, 14]. Furthermore, the intrinsic cofilin severing and
actin depolymerization rates do not account for the rapid actin turnover rates of yeast actin
patches [15, 16]. Thus, cofilin-dependent auxiliary factors present in cytoplasm may be
responsible for the destabilization of actin filaments even in the presence of saturating
cofilin concentrations.

Thymus extract rapidly disassembles Listeria actin comet tails even though it is thought to
contain high amounts of cofilin that should prevent actin disassembly [17]. Factors that
compete with cofilin binding to F-actin such as myosin Il can restore filament severing
when saturating amounts of cofilin are present [18], by preventing cofilin binding and
increasing the number of heterotypic junctions that promote severing on the filament. The
presence of these factors in cytosol or on the actin comet tail could help account for this
observation. However, fractionation and biochemical complementation identified Aip1,
coronin and Cyclase Associated Protein (CAP) as the major auxiliary factors present in
thymus cytosol that directly potentiate cofilin-mediated disassembly of Listeria actin comet
tails [17, 19]. The mechanisms through which these factors promote cofilin mediated
filament disassembly are poorly understood but are thought not to be limited to preventing
the binding of cofilin. In fact, coronin increased the loading of cofilin on Listeria actin
comet tails and stabilized them, whereas Aipl was able to rapidly disassemble these
stabilized filaments [17]. CAP could substitute for coronin but not Aipl to augment comet
tail disassembly [19] and previous work has indicated that Aipl can exert its activity in the
presence of higher cofilin to actin ratios [20]. This indicated to us that Aip1 was a likely
candidate to explain the contradictory behaviors of pure cofilin and actin disassembly in
complex cell extracts.

Aipl facilitates cofilin-mediated actin disassembly in vitro [21-23] and mutations in Aipl or
perturbation of its function in cells lead to ectopic accumulation of F-actin [24, 25], defects
in actin turnover dynamics [26], suppression of filament elongation [27], and depletion of
the actin monomer pool that fuels actin assembly [28]. Thus, the in vitro and in vivo data are
consistent with Aipl playing a role in cytoskeletal organization by enhancing cofilin-
mediated filament disassembly, but the underlying molecular mechanism is not yet known.
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The apparent ability of Aipl to cap filament barbed ends led to a popular model in which
Aipl facilitates cofilin-mediated disassembly by preventing the reannealing of severed
filaments [21, 29, 30]. In this model, cofilin alone mediates severing while Aipl1 simply
blocks the back reaction and does not alter the mechanism of filament destabilization. Aipl
is therefore thought to control actin filament dynamics in a manner similar to capping
protein (CapZ). CapZ is a well-characterized barbed end binding protein that caps barbed
ends with nanomolar affinity thus preventing barbed end growth or shrinkage [31]. This
model was supported by the fact that CapZ and Aip1 exhibit strong genetic interactions in
yeast where null mutations in both CapZ and Aip1 elicit a more severe disruption in actin
organization than a null mutation for either gene alone [27]. However, CapZ cannot
substitute for Aipl to disassemble Listeria actin comet tails or single filaments in the
presence of cofilin and coronin [32].

In order to test our hypothesis that Aipl is responsible for the disassembly of filaments in
the presence of stabilizing concentrations of cofilin, and to reinvestigate the existing model
of Aipl function, we used single filament imaging of actin, and FRET-based bulk actin
depolymerization assays.

Opposing behavior of recombinant cofilin and cofilin in thymus extract on
depolymerization of single filaments

Previous work has shown that the amount of cofilin in thymocytes is high (up to the order of
20 uM) [17]. We confirmed this result by quantitative western blotting and found the
amount of cofilin in thymus extract to be 21 + 6 uM (Fig 1A). In our severing assays on
single actin filaments, we found that recombinant human cofilin severed actin most
efficiently at 1 pM (Fig. 1B), whereas severing was inhibited at higher cofilin concentrations
consistent with previous results [4]. In order to test if cellular extract can sever single
filaments, bovine thymus extract was diluted so that the final concentration of cofilin was 5
UM. At these concentrations, thymus extract is able to sever single actin filaments (Video
S1) whereas an equimolar amount of recombinant cofilin was unable to sever pure actin
filaments efficiently (Fig. 1B right panel, 1C). Actin filament severing rates were in fact ten
times faster in the presence of thymus cytosol than the fastest rates detected with pure cofilin
alone.

Aipl can depolymerize actin filaments even in the presence of saturating amounts of

cofilin

Previous work has shown that coronin increases cofilin loading on Listeria actin comet tails
and stabilizes them. These filaments are destabilized by Aipl [17]. Thus, Aipl appeared to
us as the most likely candidate for depolymerization of cofilin-saturated stabilized filaments
and could possibly explain this behavior of extract. To test this, we imaged single filaments
in the presence of saturating amounts of cofilin, in the presence or absence of Aipl. Actin
filaments did not sever in the presence of 25 pM cofilin. As a control, we also tested
severing in the presence of 25 uM cofilin and 100 nM capping protein (CapZ) (Fig. 2A, top
panels, Video S2) and detected no severing events. However, filaments did sever in the
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presence of 25 nM Aipl and 25 pM cofilin (Fig. 2A, bottom panels, Video S3). Severing
rates increased from O events per micron per second in the presence of 25 pM cofilin to
0.006 events per micron per second in the presence of 25 nM Aipl (Fig. 2B). This
experiment provided us with the first evidence that Aipl and capping protein do not appear
to act by the same mechanism.

Aipl does not displace cofilin to promote severing

Cofilin-mediated severing involves the destabilization of lateral interfaces between cofilin-
bound and unbound sections of actin. Therefore, severing by Aipl could operate by two
mechanisms. Either Aip1 could be displacing cofilin from actin, thus creating additional
unstable lateral interfaces and exploiting cofilin’s intrinsic ability to sever, or alternatively
Aipl could be potentiating severing by a different mechanism, but in co-operation with the
bound cofilin.

In order to test if Aipl displaced bound cofilin from actin filaments, we validated that our
recombinant cofilin binds co-operatively to actin as demonstrated previously [9] (Fig. 3A,
inset). Next, we carried out competitive equilibrium binding assays on actin in the presence
of a high initial occupancy of cofilin (3 uM, corresponding to binding density veqs > 0.9) and
increasing concentrations of Aipl (Fig. 3A). Aipl did not affect pyrene fluorescence by
itself (data not shown). As a control, we also carried out the experiment with a known
competitive inhibitor of cofilin, phalloidin, as described previously (Fig. 3B) [18].
Concentrations of phalloidin as low as 0.25 pM displaced cofilin by ~20%. Increasing
concentrations of phalloidin displaced cofilin from actin nearly completely. However, in the
presence of Aipl there appeared to be no displacement of cofilin at the concentrations at
which we assayed its activity. There was little to no displacement even at 1:1 concentrations
of Aipl: cofilin (Fig. 3A). Thus, Aipl does not displace cofilin from actin.

If Aipl were to compete with cofilin for binding to F-actin, then we would predict that Aipl
should inhibit severing when cofilin is present at the optimal concentration where severing
rates are highest. In our assay, filaments severed fastest in the presence of 1 pM cofilin
corresponding to v = 0.3. Using this concentration of cofilin, we observed that severing rates
increased with increasing concentrations of Aipl (Fig. 3C). This is the opposite of what is
expected if Aipl functions by displacing cofilin.

Aipl’s effect was seen even at extremely low ratios of Aipl: cofilin with a roughly four-fold
increase at 10 nM Aipl. At equimolar concentrations of Aipl: cofilin, severing rates were
increased over ten times the maximal severing rates achieved by any concentration of cofilin
alone despite the fact that Aipl does not displace cofilin at these concentrations (Fig. 3A).

The displacement hypothesis predicts that Aip1 will inhibit severing at cofilin binding
densities of 0.5 or less, and only accelerate severing at concentrations corresponding to v
>0.5 [18]. Therefore, to further test whether Aip1l enhances severing by displacing cofilin,
we compared severing rates across a range of cofilin concentrations in the presence or
absence of Aipl. We observed that 10 nM Aipl accelerated actin filament severing rates at
all cofilin concentrations (Fig. 3D). This result is inconsistent with Aip1 displacing cofilin
from F-actin.
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Aipl accelerates disassembly from the barbed and pointed ends of filaments

We observed that filaments treated with Aipl in the presence of saturating concentrations of
cofilin appeared to depolymerize rapidly suggesting that Aipl also accelerates subunit loss
from actin filament ends. In order to measure depolymerization rates from ends, filaments
were immobilized to the coverslip with the actin bundling protein, filamin, unlike previous
experiments where the filaments were free-floating and imaged in the presence of
methylcellulose.

In the presence of 2 uM cofilin and 0.2 uM Aip1, filaments rapidly disassembled by
shrinking from both barbed and pointed ends. Quantitation of depolymerization rates from
barbed ends of polarity marked actin filaments revealed an average rate of 8 — 10 subunits
per second in the presence of 2 pM cofilin with or without 0.2 pM Aipl (Fig. 4A top panels,
Fig. 4B, Videos S4,S5). Barbed ends of filaments in the presence of cofilin and CapZ,
however, were stable, thus once again contradicting previous hypotheses that Aipl acts in a
manner similar to CapZ (Fig. 4A bottom panel).

We also measured the effects of increasing amounts of cofilin on depolymerization rates. In
the presence of 0.2 uM Aip1l, barbed end depolymerization rates increased from an average
of 10 subunits/second in the presence of 2 UM cofilin to 48 subunits/second in the presence
of 10 uM cofilin (Fig. 4C, D). These results reveal a new function for Aipl in accelerating
cofilin-mediated barbed end depolymerization rates anywhere from 5-10 times those
measured in the presence of cofilin alone. This is the opposite of what is expected of a high
affinity barbed end capping factor and the opposite of what is observed in the presence of
CapZ.

Aipl-disassembled cofilin-actin filaments also have a higher pointed end depolymerization
rate. Pointed ends depolymerized at a rate of approximately 1 subunit per second in the
presence of 2 pM cofilin with or without 0.2 pM CapZ. In contrast, pointed ends
depolymerized approximately 4x faster on average in the presence of 2 uM cofilin and 0.2
UM Aipl (Fig 4E,F).

We also observed a statistically significant increase in severing rates in the presence of Aipl
and cofilin, but not CapZ and cofilin (Figure S1). On average, we also noticed that filament
severing rates were ~2-fold faster when the filaments were bound to filamin than when they
were floating freely in solution (compare figure 1B to Figure S1B). The boost in severing
rates could be the result of attachment of filaments along multiple points across their
lengths, as this has been demonstrated to contribute to severing [33].

Aipl and CapZ have differing effects on disassembly rate and critical concentration

There were multiple lines of evidence indicating that Aipl was not acting as a barbed end
capping factor and had additional biochemical roles distinct from CapZ. To further compare
Aipl and CapZ in actin disassembly, we sought to analyze changes in bulk actin polymer
mass in the presence of high concentrations of cofilin.

Changes in pyrene fluorescence are a classic measure of the amount of actin polymer.
However, pyrene-actin is quenched in the presence of cofilin and therefore cannot accurately
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report on polymer mass during cofilin-mediated disassembly [14]. We therefore used
fluorescence energy transfer (FRET) to measure the decrease in polymer mass in the
presence of the depolymerizers. FRET has been used successfully in the past to measure
actin polymerization [34, 35]. We performed a number of controls to help validate the assay
to measure F-actin in the presence of cofilin and those experiments are presented in figure
S2.

We first examined the effect of cofilin alone on actin, using FRET. The addition of cofilin to
2 UM pre-polymerized F-actin at pH 7.8 caused an initial decrease in FRET, representing a
decrease in polymer mass, in a dose dependent manner over 25 minutes (Fig. 5A). This is
consistent with the fact that cofilin binds to the newly dissociated ADP actin monomers with
an affinity of 150 nM and suppresses ADP to ATP exchange [36, 37].

We used FRET to compare the disassembly characteristics of cofilin-actin in the presence of
capping protein versus Aipl (Fig. 5B). In the presence of cofilin and Aip1, actin polymer
mass decayed roughly 6x faster but to the same extent as it did in the presence of cofilin
alone. This indicated that Aipl was accelerating the rate of actin depolymerization in
conjunction with cofilin. However in the presence of cofilin and CapZ, actin polymer mass
decayed more slowly than in the presence of AipZl, but it was converted nearly completely to
monomer over a period of 25 minutes. Thus, CapZ appeared to affect the extent, but not the
rate of actin depolymerization in the presence of cofilin, unlike Aipl.

Next, we tested the effects of Aipl and CapZ on actin critical concentration (Cc) in the
presence of cofilin by FRET. The concentration of actin at which we first begin to see
polymerization signifies the critical concentration of actin. Using this approach, we estimate
the Cc for pure actin to be 0.2 uM (Fig. S3), which is in agreement with previous
measurements [38]. Addition of 1 pM cofilin increased the critical concentration to between
0.3-0.4 pM (Fig. 5C). We conclude that cofilin has only a modest effect on the critical
concentration which is consistent with previous results [4]. We measured the Cc of actin in
the presence of 1 pM cofilin and 0.1 uM Aipl and found it to be nearly identical to that in
the presence of cofilin alone (Cc = 0.36 uM in 1 uM cofilin alone versus Cc = 0.33 uM in
the presence of 1 uM cofilin and 0.1 uM Aipl) (Fig. 5C). Similarly, treatment of actin with
CapZ alone had only a modest effect on Cc (Fig. S3). However, the combination of 1 pM
cofilin and 0.1 uM CapZ raised the critical concentration more than five-fold relative to that
of pure actin to 1.7 uM (Fig. 5D) which is the pointed end critical concentration for ADP-
actin [38]. This is consistent with the barbed ends being capped by CapZ and ADP-G-actin
in a high affinity complex with cofilin. Therefore CapZ affects the critical concentration to a
greater extent than Aipl, and the two proteins are not functionally redundant.

Aipl does not cap filament barbed ends

Differences in kinetics of cofilin-mediated depolymerization in the presence of Aipl versus
CapZ and cofilin as well as differences in the critical concentrations prompted us to directly
reinvestigate whether or not Aipl caps barbed ends. An established assay for barbed end
capping is the inability of capped barbed ends to seed new actin polymerization. New actin
monomer adds to the barbed ends of pre-existing short actin filament seeds thus shortening
the lag phase of polymerization. Filaments with occluded barbed ends such as those bound
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by CapZ will not be able to reduce the lag phase of new actin assembly. When products of
the disassembly reactions were used to seed new actin polymerization, F-actin seeds
enhanced the initial rate of polymerization (Fig. 6A yellow line), and cofilin-actin filaments
seeded polymerization even more efficiently due to a large number of free severed ends. As
expected, CapZ-bound seeds were unable to enhance the rate of actin polymerization (black
line). However, filaments depolymerized by cofilin and Aipl seeded actin assembly as
efficiently as the cofilin-actin seeding mixture (blue and pink lines). Thus, Aipl does not
form a high affinity cap on actin filaments. Additionally, the presence of increasing amounts
of Aipl in the presence of a fixed concentration of cofilin increased the number of pre-
existing short filament seeds, consistent with Aip1’s ability to increase severing rates in the
presence of cofilin as seen by light microscopy (Fig 6B).

We used single filament imaging to further test whether Aipl mediates cofilin dependent
barbed end capping. Fluorescently labeled Oregon green 488-actin filaments were
polymerized on a bed of filamin in a perfusion chamber, and filaments were allowed to
elongate by addition of Alexa 647 G-actin monomer, in the presence of 0.15 uM cofilin and
0.2 uM of either Aipl or CapZ (Fig. 6C, 6D). Unlike CapZ, Aip1l did not inhibit elongation
of preformed actin filaments at the level of single actin filaments. Therefore, Aipl does not
suppress barbed end growth even when it is continuously present at high concentrations
along with cofilin.

DISCUSSION

We found that thymus extracts rapidly sever and disassemble single actin filaments despite
having cofilin concentrations that are too high to sever actin filaments in pure solution. We
demonstrated that fast actin disassembly in the presence of saturating cofilin can be
attributed to, at least in part, Aip1 but not to Capping Protein and our analysis further
revealed that Aipl alters the characteristics of cofilin-mediated filament disassembly while
capping protein does not.

Previous results proposed that Aipl caps barbed ends with a high affinity and would
therefore be functionally redundant with Capping Protein [26]. We found, however, that
Aipl does not prevent growth of filament ends, and filaments shrink at accelerated rates in
the presence of Aipl, which is the opposite of what we would predict if the filaments were
capped. In addition, Aipl had little to no effect on the critical concentration while CapZ did.
Our results are therefore inconsistent with Aipl forming a stable cap that effectively
terminates barbed end actin dyanmcis. Rather, our results are more consistent with models
proposing that Aipl’s side binding and not its end-binding is more important for severing
cofilin decorated filaments [22, 39] to create more filament ends that can grow or shrink.
Interestingly though, small quantities of Aipl show a strong effect on severing cofilin-actin
filaments as observed by microscopy but a more modest effect on creating new barbed ends
when assayed with bulk filament polymerization assays. Aipl might possess the ability to
create some unconventional ends that are transiently resistant to growth, as posited in
previous work [32].
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While Aipl and CapZ are biochemically distinct, they show strong genetic interactions in
yeast, playing critical roles in the assembly and morphogenesis of Arp2/3-derived actin
arrays by maintaining a pool of actin subunits available for assembly [27]. CapZ can help
maintain a pool of assembly competent actin by suppressing non-productive barbed end
elongation and funneling actin monomer towards Arp2/3 nucleation sites [40]. Given our
results, Aip1 might help maintain a pool of assembly-competent actin by triggering fast
depolymerization of cofilin-F-actin. Thus, we propose that Aipl and CapZ genetically
complement one another through distinct mechanisms.

Cofilin binding to F-actin disrupts lateral interactions between actin subunits [41]. However,
stretches of actin polymer saturated with cofilin are stable [4, 10] because cofilin has two
actin binding sites allowing it to bridge two longitudinal subunits in the filament [8, 42, 43].
Severing therefore occurs at junctions between decorated and undecorated polymer [12]
explaining why severing is maximal at intermediate levels of cofilin occupancy [4, 12, 18].
We found that Aipl does not displace cofilin from F-actin and promotes actin filament
disassembly at all cofilin occupancies. Our results imply that it is the sites of actin polymer
occupied by cofilin themselves that are destabilized by Aipl (Figure 7). This model is
consistent with yeast two hybrid, binding, and modeling data supporting that Aipl forms a
ternary complex with F-actin and cofilin [22, 44, 45].

Mutagenesis and modeling studies on Aipl demonstrate that Aipl contacts cofilin while
bridging two contiguous actin subunits in the filament [44]. Therefore, we can consider two
alternative mechanisms through which Aipl could promote cofilin mediated severing and
subunit dissociation. In the first, Aipl binding to cofilin occupied polymer might disrupt
cofilin’s stabilizing interaction with the adjacent actin subunit to cause severing. Mutations
in cofilin that compromise its F-actin specific binding interaction increase severing [46] and
the Aipl and cofilin binding sites on actin would appear to overlap [22, 45] making this an
attractive model. However, studies with cofilin and Aipl from C. elegans have shown that
the ability of Aipl to enhance actin disassembly requires cofilin’s F-actin binding site [47].
An alternative possibility then is that Aip1 further distorts actin structure in the presence of
cofilin to promote severing and increase subunit dissociation rates from filament ends. It has
been hypothesized that a slow isomerization step follows cofilin binding [48]. If this
proposed conformational change were coupled to severing, we could speculate that Aipl
catalyzes the transition between the two states to destabilize the filament. Recent work on
cofilin from Plasmodium fal ciparum shows that it contacts a novel binding site on F-actin to
sever filaments without decorating the polymer as human cofilin does [49]. Thus, multiple
cofilin binding modes might permit multiple modes of filament disassembly, and it is
tempting to speculate that Aipl alters filament structure or induces a conformational change
in cofilin allowing mammalian cofilin to access the novel P. falciparum binding site to
destabilize the polymer.

Our results demonstrating that the combination of Aipl and cofilin accelerate actin subunit
dissociation rates offers one possible mechanism for attaining faster depolymerization rates
in vivo. Aipl therefore offers a potential control point to switch cofilin action from one that
favors actin assembly [4, 50] to one that favors fast depolymerization. Other factors in
addition to Aip1l facilitate cofilin mediated actin disassembly. It will be important to re-
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examine each of these auxiliary factors to test if they, like Aipl, alter the mechanism of
filament disassembly.

EXPERIMENTAL PROCEDURES

Full experimental procedures are available in the supplemental material.

Imaging of actin single filaments

Single actin filaments were either prepolymerized, flowed into perfusion chambers and
imaged in solution (Figures 1, 2 and 3) or polymerized in the chamber and attached to
coverslips via filamin (Figures 4 and 6). Relevant combinations depolymerizers were flowed
into the perfusion chamber and filaments were imaged in a buffer containing oxygen-
scavengers (1xPhotoBuffer). Severing events were enumerated as the number of visual
breaks per second normalized to the amount of polymer measured in microns.

Depolymerization rates were calculated from kymographs generated using Fiji software.

Elongation of polymerized Oregon green actin filaments was carried out in the presence of 2
UM monomeric Alexa 647 actin, 150 nM cofilin and 200 nM of either CapZ or Aip1 for 60
seconds. This was compared to a control with actin alone.

Fluorescence equilibrium binding and competition assays

Quenching of pyrene fluorescence was used to quantify cofilin binding to F-actin in the
presence or absence of phalloidin or Aipl as described previously. [9,18]. FRET was used to
normalize for the amount of polymer present at various concentrations of Aipl.

Measurement of FRET

12-15% labelled Oregon green actin and 35-40 % tetramethylrhodamine actin were
premixed at 20 uM in G buffer (pH 7.4). 1xFBuffer was added to initiate polymerization.
Spectroscopic monitoring of fluorescence quenching of 0G488 (Agx= 490 nm, Agny, = 530
nm) over time was used to report on assembly. For disassembly reactions, actin was
prepolymerized and combinations of depolymerizers were added to final concentrations of 2
UM cofilin, 0.2 uM Aipl or 0.2 uM CapZ. Fluorescence of Oregon Green actin was
monitored as mentioned. Depolymerization leads to dequenching of OG488 fluorescence.
Normalized readings were obtained by using Origin graphing software.

Measurement of critical concentration using FRET

F-actin was pre-polymerized at 10 pM and diluted to the desired concentrations in 1xF-
buffer, in the presence of the indicated concentrations of the depolymerizers. Reactions were
allowed to incubate overnight (12 hours) before reading. This was compared to equimolar
actin concentrations where there was no FRET. Data was converted to E values as described
previously by using the equation E=1-(Fpa/Fp) [51]. Readings were fit to the equation
E*[actin]=Emax™[actin]-Emax™*Cc as described previously [51].
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Seeding reaction with actin pyrene

Actin filaments treated with or without cofilin and increasing concentrations of Aipl for 10
mins (Fig 6A) and 2 mins (Fig 6B) were added to a solution of 2 uM pyrene labeled G-actin.
The final concentration of F-actin seeds was 0.25 puM (Fig 6A) and 0.5 pM (Fig 6B) and the
final cofilin concentration was 100 nM (Fig 6B). Final Aipl concentrations are provided in
the main text.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary
Aipl Actin Interacting Protein 1
FRET Forster Resonance Energy Transfer
TMR TetraMethylRhodamine
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FIGURE 1.
Thymus extract is more efficient at depolymerizing single actin filaments than a normalized

amount of recombinant cofilin. (A) Quantitative western blot showing standard amounts of
recombinant cofilin (0.01-0.5 pg) (left lanes, increasing order) & fixed amounts of thymus
extract. (B) Cofilin severs only across a narrow range of concentrations (left graph), with
activity peaking at approximately 1 uM. Thymus extract is roughly 10-fold more effective at
severing than the peak cofilin severing concentration (right graph) Error bars represent S.D.
n= at least 2 movies. (C) Frames from time lapse movies showing that when normalized to a
cofilin concentration of 5 uM, filaments are stable in the presence of pure cofilin (top panel),
whereas they are disassembled within 60s with thymus extract (bottom panel). Scale bar= 2
M.
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FIGURE 2.
Aipl can sever filaments saturated by cofilin. (A) Frames from time lapse movies showing

the dynamics of filaments in the presence of a saturating amount of cofilin+ CapZ (upper
panels) or cofilin + Aipl (lower panels). Filaments fragment in the presence of Aipl only,
not cofilin alone or cofilin + CapZ. (B) Quantitation of severing rates of filaments in the
presence of saturating amounts of cofilin. No severing events were detected in the presence
of 25 uM cofilin alone or cofilin + 100 nM CapZ. Severing rates increased with increasing
concentrations of Aipl (n=3 movies, error bars represent S.D.). Scale bar= 1 pM.
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Figure 3.

Aipl does not displace cofilin from F-actin to sever (A) 2 uM fluorescent pyrene-actin
was treated with 3 uM cofilin corresponding to v¢,¢£>0.9 and increasing concentrations of
Aipl at pH 6.8 to assay competitive binding by equilibrium fluorescence titration
experiments. The graph was normalized to amount of polymer monitored by a FRET assay.
Aipl does not compete for binding by cofilin, as shown by a linear fit of the data. We
carried out a binding assay to monitor cooperative binding of cofilin to fluorescently
labelled pyrene actin in order to select the concentration used for graph (A) (inset). (B)
Phalloidin, a known competitive inhibitor of actin, can displace cofilin from actin. (C) To
validate our results from (A), we measured severing rates of actin in the presence of 1 uM
cofilin that, in our single filament assays, showed maximal severing rates. Adding increasing
amounts of Aipl caused a consistent increase in severing rate. At equimolar cofilin to Aipl
ratios, the rate exceeded 10x that obtained by cofilin alone. (D) Aipl boosts severing across
a wide range of cofilin-actin ratios, even when it is present in sub-stoichiometric quantities
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(roughly 1000x less than the cofilin concentrations). Error bars represent S.D. and data from
at least 2 movies was used to compute severing rates.
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Aipl increases rate of subunit dissociation from barbed and pointed ends. (A) Frames and
resultant kymographs from a time lapse movie of polarity marked actin filaments [small
letters b (barbed) and p (pointed) indicate orientation of ends] showing filaments shrinking
from the barbed end in the presence of cofilin +/= Aip1, but not in the presence of CapZ. (B)
Quantitation of filament depolymerization rates from (A). Filaments shrink at an average of
8-10 subunits in the presence or absence of Aipl. Black line represents mean of
observations, n=at least 3 movies in each scenario, dots represent individual events. Mean,
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S.D. indicated. (C) Kymographs of polarity marked actin filaments disassembled in the
presence of 5 and 10 uM cofilin and 200 nM Aiipl. (D) Quantitation of rates from (C) for the
barbed end shows barbed end dissociation rates roughly doubling (from 10 to 25 to 40)
subunits per second for each 2x increase in cofilin concentration. Enhanced barbed end
disassembly is cofilin-dependent. (E) Frames from a time lapse movie showing filaments
shrinking from the pointed end after a severing event (white arrowhead) and resultant
kymographs. These indicate that filaments depolymerize at increasing rates from the pointed
end in the presence of 200 nM Aipl. (F) Quantitation of rates from (E) shows a roughly 4x
increase in subunit dissociation rate from 1 to 5 subunits per second in the presence of Aipl,
but not in the presence of cofilin or CapZ. Scale bar= 1 pm.
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CapZ and Aipl have differing effects on the rates and extents of cofilin-mediated
disassembly. (A) Increasing concentrations of cofilin cause an initial disassembly of actin in
a dose-dependent manner. 2 uM pre-polymerized F-actin was mixed with varying amounts
of cofilin, and the fluorescence of Oregon green actin was measured over time. The decrease
in FRET represents loss in polymer mass. (B) CapZ and Aipl depolymerize actin at
differing rates and to different extents. Pre-polymerized actin was treated with 2 puM cofilin
+/- 0.2 uM Aipl or CapZ. Actin depolymerizes initially in the presence of cofilin alone as
described (blue line). In the presence of Aipl (pink line), the reaction proceeds roughly 6x
faster, but to the same extent as cofilin alone. 0.2 pM CapZ cause the reaction to proceed at
roughly the same rate as cofilin alone but almost completely to monomer. (C, D) FRET
assays to determine the critical concentration (Cc) of actin as a function of cofilin, CapZ or
Aipl. Fluorescence intensity in the presence of polymerizing and non-polymerizing
conditions was measured at various actin concentrations and the equation [E]= Emax*
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[(actin-Cc)/actin] was used to fit the data. The x-intercept represents the critical
concentration. In (C), the dark grey line shows the condition actin+ cofilin, and in the
presence of 1 pM cofilin alone, the critical concentration was only moderately raised (from
0.2 to 0.36). The addition of 0.1 uM Aipl (light grey) did not significantly affect the critical
concentration, however (D) the addition of 0.1 uM CapZ to cofilin, raised the critical
concentration over ten-fold to 1.73 uM. Thus, Aipl and CapZ have differing effects on actin
critical concentration in the presence of cofilin. See also figure S3.

Curr Biol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Nadkarni and Brieher

A

Page 23

w

=ms=m NO Seeds
=t F-gctin

= st Cofilin
21.0 5 s ., <DE 1.0 - Cofilin +20 nM Aip1 P
< oo foe = = Cofiln +40 M ApT  , op8f"
8 0.8 4 ¥ Y g 0.8 - == Cofilin + 100 nM Aip1 ‘%r.’-"
e
(O] (O]
S === No seeds Q 0.6 1
o + actin seeds o
g ===+ cofilin-actin seeds g 0.4 4
= === 1 cofilin- Aip1 seeds =
L) === + coflin- CapZ seeds ©
g kB 02-
T . ©
S ¢F £ 0.0 -
S S
= | T T T T T ] 2
O O O O O O O
QS L O L (O O
N NG q/Q Q‘,o o
C Time (s) D
+ CapZ 200 nM + Aip1 200 nM 5 60
§ 50 -
@ _ 40—
® o
S =30 -
25
5 520
5 %10
G
2

+200 nM Aip1

FIGURE 6.
Aipl does not cap filament ends. (A) Aipl does not inhibit seeding of pyrene actin

polymerization. Actin filaments were mixed with 2 uM cofilin +/- 0.2 uM Aip1 or CapZ for
15 minutes and then 0.25 puM total actin was used to seed polymerization of 2 uM pyrene
actin. While the lag phase of unseeded actin is long (green line), actin seeds shorten the lag
phase of polymerization (yellow line). Cofilin creates many severed ends that seed
polymerization more efficiently whereas Aip1 does not inhibit this reaction (blue and pink
lines). CapZ however inhibits the seeding reaction (black line). (B) Increasing amounts of
Aip1l in the presence of cofilin produce more filament seeds for elongation. Filaments
depolymerized in the presence of 20, 40 and 100 nM Aip1 (yellow, blue and pink lines
respectively) and (a fixed amount) of cofilin show enhanced seeding as compared to cofilin
alone seeds (green line). (C) Oregon Green 488 actin filaments elongate with Alexa 647 G-
actin even in the continuous presence of 150 nM cofilin and 200 nM Aip1 (right panel),
however, the presence of 200 nM CapZ inhibits this reaction (left panel). Scale bar= 2 um.
(D) Quantitation of the relative numbers of elongating ends in the presence of actin alone or
actin and 150 nM Cofilin +/- 200 nM CapZ or Aipl.
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FIGURE 7.
Model representing mode of Aipl action on cofilin-actin filaments. (A) Cofilin alone binds

to the filament and alters the angular configuration of actin protomers within the polymer
lattice. Severing is caused due to unstable heterotypic junctions between cofilin-bound and
unbound regions on the actin filament. (B) Aipl preferentially binds stretches of actin
polymer occupied with cofilin leading to enhanced severing and faster disassembly from
both barbed and pointed ends. (C) In the presence of Aipl, cofilin-saturated filaments are no
longer stable and can be destabilized.
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